We report the detection of a transiting super-Earth-sized planet (R=1.39±0.09 R ⊕ ) in a 1.4-day orbit around L 168-9 (TOI-134), a bright M1V dwarf (V=11, K=7.1) located at 25.15±0.02 pc. The host star was observed in the first sector of the Transiting Exoplanet Survey Satellite (TESS) mission and, for confirmation and planet mass measurement, was followed up with ground-based photometry, seeing-limited and high-resolution imaging, and precise radial velocity (PRV) observations using the HARPS and Magellan/PFS spectrographs. Combining the TESS data and PRV observations, we find the mass of L 168-9 b to be 4.60±0.56 M ⊕ , and thus the bulk density to be 1.74 +0.44 −0.33 times larger than that of the Earth. The orbital eccentricity is smaller than 0.21 (95% confidence). This planet is a Level One Candidate for the TESS Mission's scientific objective -to measure the masses of 50 small planets -and is one of the most observationally accessible terrestrial planets for future atmospheric characterization.
Introduction
The best planets for detailed characterization are transiting planets, first and foremost because they allow for the possibility of unambiguous mass measurement (e.g., HD209458b Charbonneau et al. 2000; Mazeh et al. 2000; Henry et al. 2000) . From the Doppler effect we can determine the minimum mass of the planet (m sin i), and from the transit light curve we can determine the planetary radius and the orbital inclination (i), thus yielding a measurement of the planet's mass. Moreover, from this combination we can calculate the planet's mean density, and shed light on its internal structure by comparison with models containing different amount of iron, silicates, water, hydrogen, and helium. Furthermore, transiting planets are unique because of the feasibility to characterize the upper atmosphere by spectroscopy during transits and occultations of a significant number of planets. The forthcoming James Webb Space Telescope (JWST, Gardner et al. 2006 ) and the Extremely Large Telescope (ELT, de Zeeuw et al. 2014) will have unprecedented capabili-Partially based on observations made with the HARPS instrument on the ESO 3.6 m telescope under the program IDs 198.C-0838(A), 0101.C-0510(C), and 1102.C-0339(A) at Cerro La Silla (Chile).
Data (Tables XXX) are only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/XXX/XXX This paper includes data gathered with the 6.5 meter Magellan Telescopes located at Las Campanas Observatory, Chile. ties for detailed studies of the atmospheres of terrestrial planets, and the interpretation of the results will require an accurate mass measurement (e.g., Batalha et al. 2019 ).
The Transiting Exoplanet Survey Satellite (TESS) (Ricker et al. 2015) started scientific operations in July 2018, aiming to detect transiting planets around bright and nearby stars -bright enough for Doppler mass measurement to be feasible. For this task, TESS surveys about 85% of the sky during the Prime Mission. The survey covering the southern ecliptic hemisphere is now complete, and the northern survey is underway. Each hemisphere is divided into 13 rectangular sectors of 96 • × 24 • each. Each sector is continuously observed for an interval of 27-days, with a cadence of 2 minutes for several hundred thousand preselected stars deemed best suited for planet searching. Additionally, during the TESS Prime Mission, the Full Frame Imagesthe full set of all science and collateral pixels across all CCDs of a given camera -are available with a cadence of 30 minutes. M dwarfs are of special interest because the transit and radial-velocity signals of a given type of planet are larger for these low-mass stars than they are for Sun-like stars. In addition, compared to hotter stars M dwarfs present better conditions for the detection of planets orbiting the circumstellar habitable zone: less time consuming, larger Doppler signals, and an increased transit probability. Sullivan et al. (2015) anticipated that from 556 small (<2R ⊕ ) transiting planets discovered by TESS, 23% of them will be detected orbiting bright (K S <9) stars, and that 75% of small planets will be found around M dwarfs.
Article number, page 1 of 14 arXiv:2001.09175v1 [astro-ph.EP] 24 Jan 2020 A&A proofs: manuscript no. TOI134_v3 This paper reports the discovery of a small planet orbiting the star L 168-9 (TOI-134), based on TESS data. The host star is a bright M dwarf. An intense precise radial-velocity campaign with HARPS and the Planet Finder Spectrograph (PFS) revealed the terrestrial nature of the newly detected world. This work is presented as follows: Section 2 describes the host star properties. Sections 3.1 and 3.3 describe the photometric and radialvelocity observations. Section 4 presents an analysis of all the data, including the study of stellar activity. Finally, Section 6 places L 168-9 b within the larger context of the sample of detected planets.
L 168-9
L 168-9, also known as CD-60 8051, HIP 115211, 2MASS J23200751-6003545, with the entry 234994474 of the TESS Input Catalog (TIC) or 134 of the Tess Object of Interest (TOI) list, is a red dwarf of spectral type M1V. It appears in the southern sky, and resides at a distance of 25.150±0.024 pc from the Sun (Gaidos et al. 2014; Gaia Collaboration 2018) . Table 1 lists the key parameters of the star, namely its position, visual and near-infrared apparent magnitudes, parallax, proper motion, secular acceleration, and its essential physical properties.
Derived stellar properties
We performed an analysis of the broadband spectral energy distribution (SED) together with the Gaia DR2 parallax in order to determine an empirical measurement of the stellar radius, following the procedures described by Stassun & Torres (2016) ; Stassun et al. (2017 Stassun et al. ( , 2018a . We took the B T V T magnitudes from Tycho-2, the BVgri magnitudes from APASS, the JHK S magnitudes from 2MASS, the W1-W4 magnitudes from WISE, and the G magnitude from Gaia. Together, the available photometry spans the full stellar SED over the wavelength range 0.35-22 µm (see Figure 1 ).
We performed a fit using NextGen stellar atmosphere models (Hauschildt et al. 1999) , with the effective temperature (T eff ) and surface gravity (log g) constrained on the ranges reported in the TESS Input Catalog (Stassun et al. 2018b) , while the metallicity [Fe/H] was fixed to a typical M-dwarf metallicity of -0.5. We fixed the extinction (A V ) to be zero, considering proximity of the star, the degrees-of-freedom of the fit is 10. The resulting fit ( Figure 1 ) has a χ 2 of 42.3 (χ 2 red =4.2), with T eff = 3800 ± 70 K. The relatively high χ 2 is likely due to systematics, as the stellar atmosphere model is not perfect. We artificially increased the observational uncertainty estimates until χ 2 red = 1 was achieved. Integrating the (unreddened) model SED gives the bolometric flux at Earth of F bol = 3.41 ± 0.12 × 10 −9 erg s −1 cm −2 . Taking the F bol and T eff together with the Gaia DR2 parallax, adjusted by +0.08 mas to account for the systematic offset reported by Stassun & Torres (2018) , gives the stellar radius as R = 0.600 ± 0.022 R . Finally, estimating the stellar mass from the empirical relations of Mann et al. (2019) gives M = 0.62 ± 0.03M . With these values of the mass and radius, the stellar mean density is ρ = 4.04 ± 0.49 g cm −3 . We also tested to fit the SED using BT-Settl theoretical grid of stellar model (Allard 2014) , where we obtained a consistent result.
We searched for infrared (IR) excess in WISE data using the Virtual Observatory SED Analyser (VOSA, Bayo et al. 2008) , which could point for the presence of debris disks. For that we computed the excess significance parameter (χ λ , Beichman et al. 2006; Moór et al. 2006) , where χ λ ≥ 3 represents a robust detection of IR excess. We obtained χ λ = 0.70 in the W 3 band, ruling out the presence of a debris disk around L 168-9.
Observations
The first hint of a planetary companion orbiting L 168-9 came from analyzing TESS data. After the Data Validation Report was released to the community, a follow-up campaign started with several instruments and by different teams to check on whether the transit-like signal seen by TESS originated from a planet, as opposed to a stellar binary or other source. The follow-up observations included supplementary time series photometry aiming to detect additional transits, seeing-limited and high-resolution imaging to analyze the possibility that the signal comes from a star on a nearby sightline, and precise radial-velocity monitoring to measure the companion's mass. 
Photometry

TESS
TESS observed Sector 1 from the 25th of July to the 22nd of August 2018 1 , a 27.4-day interval that is typical of each sector. L 168-9 is listed in the Cool Dwarf Catalog that gathered the known properties of as many dwarf stars as possible with V − J > 2.7 and effective temperatures lower than 4 000 K (Muirhead et al. 2018) . The predicted TESS-band apparent magnitudes are also given in this catalog. L 168-9 was chosen for 2-min time sampling as part of the TESS Candidate Target List (CTL, Stassun et al. 2018b ), consisting of a subset of the TESS Input Catalog (TIC) identified as high-priority stars in the search for small transiting planets. Time series observations of L 168-9 were made with CCD 2 of Camera 2.
The TESS Science Processing Operations Center (SPOC) at the NASA Ames Research Center performed the basic calibration, reduction, and de-trending of the time series, and also performed the search for transit-like signals (Jenkins et al. 2016 ). The light curves were derived by the SPOC pipeline and consist of a time series based on Simple Aperture Photometry (SAP), as well as a corrected time series based on Pre-search Data Conditioning (PDC, Smith et al. 2012; Stumpe et al. 2014) referred to as PDCSAP (as detailed by Tenenbaum and Jenkins 2018 2 ). This work made use of the PDCSAP time series available on the Mikulski Archive for Space Telescopes (MAST 3 ). The TESS photometry is presented in the upper panel in Figure 6 .
A Data Validation Report for L 168-9 was released to the community as part of the MIT TESS Alerts 4 . The report includes several validation tests to assess the probability that the signal is a false positive: eclipsing-binary discrimination tests, a statistical bootstrap test, a ghost diagnostic test, and differenceimage centroid offset tests. These are described by Twicken et al. (2018) . All the tests were passed successfully. The formal false- The TESS time series covers 19 transits of what was originally deemed a planet candidate (L 168-9 b or TOI-134.01), and reported on the TESS exoplanet Follow-up Observing Program (TFOP) website 5 . According to the Data Validation Report the orbital period is P = 1.401461 ± 0.000137 days and the transit depth is ∆F/F 0 = 566 ± 38 ppm, which translates into a planetary radius of R p = 1.58 ± 0.36 R ⊕ (Sect. 2.1 describes how we determined the stellar radius, which is the same value as the used in the Validation Report). The time of mid-transit at an arbitrarily chosen reference epoch is (BJD) T c = 2458326.0332 ± 0.0015.
LCOGT, MKO, and SSO T17
We acquired ground-based time series photometric follow-up of L 168-9 and the nearby field stars as part of the TESS Followup Observing Program (TFOP) to attempt to rule out nearby eclipsing binaries (NEBs) in all stars that are bright enough to cause the TESS detection and that could be blended in the TESS aperture. We used the TESS Transit Finder 6 , which is a customized version of the Tapir software package (Jensen 2013) , to schedule our transit observations. We observed one full transit simultaneously using three 1meter telescopes at the Las Cumbres Observatory Global Telescope (LCOGT) (Brown et al. 2013 ) South Africa Astronomical Observatory node on 21 September 2018 in i -band. The Sinistro detectors consist of 4K×4K 15-µm pixels with an image scale of 0 . 389 pixel −1 , resulting in a field-of-view of 26 .5×26 .5. The images were calibrated by the standard LCOGT BANZAI pipeline.
We observed a full transit from the Mount Kent Observatory (MKO) 0.7-meter telescope near Toowoomba, Australia on 23 September 2018 in r -band. The Apogee U16 detector consists of 4K×4K 9-µm pixels with an image scale of 0 . 41 pixel −1 , resulting in a field-of-view of 27 ×27 . The images were calibrated using AstroImageJ (AIJ) software package .
We observed a full transit from the Siding Spring Observatory, Australia, iTelescope T17 0.43-meter telescope on 27 September 2018 with no filter. The FLI ProLine PL4710 detector consists of 1K×1K pixels with an image scale of 0 . 92 pixel −1 , resulting in a field-of-view of 15 .5 × 15 .5. The images were calibrated using AstroImageJ.
We used the AstroImageJ to extract differential light curves of L 168-9 and all known stars within 2 .5 of the target star that are bright enough to have possibly produced the shallow TESS detection, which includes 11 neighbors brighter than TESS-band = 17.9 mag. This allows an extra 0.5 in delta magnitude relative to L 168-9 to account for any inaccuracies in the TESS band reported magnitudes in the TICv8. The L 168-9 light curves in all five photometric data sets show no significant detection of the shallow TESS detected event, as expected from our lower precision ground-based photometry. Considering a combination of all five photometric data sets, we exclude all 11 known neighbors that are close enough and bright enough to L 168-9 to have possibly caused the TESS detection as potential sources of the TESS detection. L 168-9 was monitored for four consecutive years, from to May 20, 2010 to December 12, 2014; typically covering 150 days in each year. In one campaign two cameras with overlapping fields observed the star, giving a total of 27 300 data points; in another campaign, L 168-9 was observed by three cameras with overlapping fields, totalling 170 000 data points. The photometry has a dispersion of 0.027 δmag and average uncertainty of 0.024 δmag, presenting clear signs of variability, as shown below in Sec. 4.1.
High-resolution Imaging
The relatively large 21 pixels of TESS can lead to photometric contamination from nearby sources. These must be accounted for to rule out astrophysical false positives, such as background eclipsing binaries, and to correct the estimated planetary radius, initially derived from the diluted transit in a blended light curve (Ziegler et al. 2018) . Without this correction, the interpreted planet radius can be underestimated (e.g., Ciardi et al. 2015; Teske et al. 2018 ).
SOAR
We searched for close companions to L 168-9 with speckle imaging on the 4.1-m Southern Astrophysical Research telescope (SOAR, Tokovinin 2018) installed in Cerro Pachón, Chile, on 2018 September 25 UT using the I-band (λ cen = 824 nm, full width at half maximum= 170 nm) centered approximately on the TESS passband. Further details of the TESS SOAR survey are published in Ziegler et al. (2019) . Figure 2 shows the 5σ detection sensitivity. No nearby stars (ρ < 1 . 6) to L 168-9 were detected within the sensitivity limits of SOAR.
Gemini-South
Observations of L 168-9 were conducted with the Differential Speckle Survey Instrument (DSSI; Horch et al. 2009 ) on Gemini South, Chile, on UT 28 October 2018 under program GS-2018B-LP-101 (PI: I. Crossfield). The usual 692 nm and 880 nm filters on DSSI were used, and three sequences of 60 ms/frame×1000 frames were taken. The total time on target, including readout overhead, was six minutes. Howell et al. (2011 ), and Horch et al. (2012 detail the speckle observing and data reduction procedures. The detection limit curves are shown in Figure 3 . While the 692 nm image was taken at too low of gain, leading to a shallow detection limit, the 880 nm detection limit curve (b) in Figure 3 indicates that L 168-9 lacks any companions of ∆m ∼5.0 mag beyond 0.1 and any companions of ∆m ∼5.5 mag beyond 0.2 . Gemini-South and SOAR result (Sect. 3.2.1) mean the transit signal is likely to be associated with L 168-9.
Thus, we conclude that there is no significant contamination of the TESS photometric aperture that would bias the determination of the planet radius. The Sinistro data (Sect. 3.1.2) rule out surrounding stars as potential sources of the TESS detection, so we can assume the planet orbits L 168-9. Given the limits placed on nearby companions by the Gemini-South data, if there were a close companion it would have to be fainter by ∼ 5 magnitudes than the primary star, meaning the planet radius correction factor would be at most
This is smaller than the derived planet radius uncertainty (Table 2).
Radial velocity
HARPS
The High Accuracy Radial velocity Planet Searcher (HARPS Mayor et al. 2003) is an echelle spectrograph mounted on the 3.6m telescope at La Silla Observatory, Chile. The light is spread over two CCDs (pixel size 15 µm) by a science fiber and a calibration fiber. The calibration fiber can be illuminated with the calibration lamp for the best radial velocity precision, or it can be placed on sky for moderate precision. HARPS is stabilized in pressure and temperature, and has a resolving power of 115,000. The achievable precision in radial velocity of better than 1 m/s. We began monitoring L 168-9 with HARPS on September 29, 2018, soon after the TESS alert. We elected not to use the simultaneous wavelength calibration (i.e. the on-sky calibration fiber) to ensure that the bluer spectral regions would not be contaminated by the calibration lamp, that provides a much stronger flux for any instrumental setup.. The exposure time was set to 900 s for ESO programs 198.C-0838 and 1102.C-0339, and to 1,200 s for ESO program 0101.C-0510, translating in a median signal-to-noise ratio per spectral pixel of 51 and 70 at 650 nm, respectively. A single spectrum on October 1, 2018, had an exposure time of 609 s for an unknown reason. A total of 47 HARPS spectra were collected, ending with observations on December 19, 2018.
HARPS spectra were acquired in roughly three packs of data separated in time by about 40 days. This sampling is reflected in the window function presented in Figure 5 . Two archival spectra of L 168-9 are available at the ESO database. However, a radial velocity offset was introduced on May 2015 because the vacuum vessel was opened during a fiber upgrade (Lo Curto et al. 2015) . As this offset is not yet well characterized for M dwarfs, we decided to disregard those two points (from July 2008 and June 2009) in our subsequent analysis.
The HARPS Data Reduction Software (Lovis & Pepe 2007) computes radial velocities by a cross-correlation function technique (Baranne et al. 1996, e.g.,) . Nevertheless we derived radial velocities by a different approach to exploit as much as possible the Doppler information of spectra (e.g., Anglada-Escudé & Butler 2012). We performed a maximum likelihood analysis between a stellar template and each individual spectrum following the procedure presented in Astudillo-Defru et al. (2017c) . The stellar template corresponds to a true stellar spectrum of the star, enhanced in signal-to-noise. It was made from the median of all the spectra, after shifting them into a common barycentric frame. The resulting template is Doppler shifted by a range of trial radial velocities to construct the maximum likelihood function, from which we derived the HARPS radial velocity used in the subsequent analysis. The obtained radial velocities -listed in Table B .1 -present a dispersion of 4.01 m/s and a median photon uncertainty of 1.71 m/s. Figure 7 shows the radial velocities folded to the orbital period.
PFS
The Planet Finder Spectrograph is an iodine-calibrated, environmentally controlled high resolution PRV spectrograph (Crane et al. 2006 (Crane et al. , 2008 (Crane et al. , 2010 . Since first light in October 2009, PFS has been running a long-term survey program to search for planets around nearby stars (e.g., Teske et al. 2016) . In January 2018, PFS was upgraded with a new large format CCD with 9µm pixels and switched to a narrower slit for its regular operation mode to boost the resolution from 80,000 to 130,000. The PFS spectra are reduced and analyzed with a custom IDL pipeline that is capable of delivering RVs with <1 m/s precision (Butler et al. 1996) .
We followed up L 168-9 with PFS on the 6.5 m Magellan II Clay telescope at Las Campanas Observatory in Chile from October 13-26, and then on December 16 and 21 in 2018. Observations were conducted on 15 nights, with multiple exposures per night. There were a total of 76 exposures of 20 minutes each. We typically took 2-6 exposures per night over a range of timescales, to increase the total SNR per epoch and also to average out the stellar and instrumental jitter. Each exposure had a typical SNR of 28 per pixel near the peak of the blaze function, or 56 per resolution element. The radial velocity dispersion is 4.61 m/s and the median RV uncertainty per exposure is about 1.8 m/s. Five consecutive 20-minute iodine-free exposures were obtained to allow for the construction of a stellar spectral template in order to extract the RVs. These were bracketed with spectra of rapidly rotating B stars taken through the iodine cell, for reconstruction of the spectral line spread function and wavelength calibration for the template observations.
The PFS observations of L 168-9 presented here are part of the Magellan TESS Survey (MTS) that will follow up ∼30 super-Earths and sub-Neptunes discovered by TESS in the next three years using PFS (Teske et al. in prep.) . The goal of MTS is to conduct a statistically robust survey to understand the formation and evolution of super-Earths and sub-Neptunes. The observation schedules of all MTS targets, including L 168-9, can be found on the ExoFOP-TESS website. 7
Analysis
Photometric rotation period
Knowledge of the stellar rotation period helps to disentangle spurious RV signals arising from rotation and true RV signals due to orbital motion (e.g., Queloz et al. 2001; Cloutier et al. 2017) . L 168-9 was photometrically monitored by WASP between May 2010 and December 2014 within five observing seasons each lasting approximately 200 days in duration. The photometric precision, observing cadence, and baselines within the WASP fields are sufficient to detect quasi-periodic (QP) photometric variations of L 168-9 due to active regions on the stellar surface rotating in and out of view at the stellar rotation period P rot . The WASP photometry of L 168-9 is shown in Fig. 4 along with the generalized Lomb-Scargle periodogram (GLSP; Zechmeister & Kürster 2009) of the photometry in each of the five WASP observing seasons. It is clear from the GLSPs that a strong periodicity exists within the data whose timescale is often ∼ 30 days except for within the second WASP season wherein the dominant periodicity appears at the first harmonic of P rot ∼ 15 days.
Given periodicities significantly detected in the WASP photometry, we proceeded to measure the photometric rotation period of L 168-9 P rot with each WASP camera and in each WASP field 8 in which L 168-9 was observed. As the photometric variations appear to vary nearly periodically, we modeled the photometry with a Gaussian process (GP) regression model and adopted a QP covariance kernel (see Eq. A.1) (Angus et al. 2018) . The covariance function's periodic timescale was a free parameter P rot for which the posterior probability density function (PDF) was sampled using a Markov Chain Monte Carlo (MCMC) method (see Appendix A). We modeled each binned WASP light curve with a GP. We adopted a bin size of 1 day to reduce the computation time. In preliminary analyses, we also tested bin sizes of 0.25, 0.5, and 2 days and found that, probably due to the very large number of points, the recovered values of P rot were not very sensitive to this choice.
After sampling the posterior PDFs of the GP hyperparameters, we arrived at point estimates of each parameter value based on the maximum a-posteriori values and 68 percent confidence intervals. The resulting mean GP model of the data from each WASP observing season is depicted in Fig. 4 along with the corresponding 1σ confidence interval. Over the five observing seasons, the measured (median) rotation period of L 168-9 was P rot = 29.8 ± 1.3 days.
In principle, the WASP signal could have arisen from any star within the 48" extraction aperture. However, L 168-9 is by far the brightest star in the aperture. Another concern with any photometric signal with a period near 30 days is whether it was affected by moonlight. To check on this possibility, we searched for modulations in the WASP data of several stars of similar brightness within the surrounding 10 arcmin field, but did not find any 30-d signals similar to the one that was seen for L 168-9. In any case, the star location is far from the ecliptic, and moonlight contamination is not expected. Furthermore, the modulation was sometimes seen at the 15-d first harmonic, which would not be expected for moonlight. We can therefore be confident that the 30-d periodicity in the WASP data arises from L 168-9. The R HK from HARPS spectra supports the obtained photometric rotation period, as log(R HK ) = −4.562 ± 0.043 (active star) translates into P rot = 22 ± 2 days using the R HK vs.P rot relationship from Astudillo-Defru et al. (2017a) .
Radial Velocity Periodogram Analysis
A first identification of significant periodicities in the HARPS and PFS RV time series is required in order to develop an accurate model of the observed RV variations. In a manner similar to our analysis of the WASP photometry, we computed the GLSP of the following HARPS and PFS spectroscopic time series: the RVs, the window functions (WF), and the S-index, Hα, Hβ, Hγ, and the sodium doublet NaD activity indicators. Astudillo-Defru et al. (2017c) details how these spectroscopic activity indicators were derived. Each GLSP is shown in Fig. 5 along with a false alarm probability (FAP) that was computed via bootstrap-ping with replacement using 10 4 iterations and normalizing each periodogram by its standard deviation.
Each of the GLSPs of the HARPS and PFS RV time series is dominated by noise and aliases arising from the respective WF. For example, the HARPS WF contains a forest of peaks with comparable FAP from ∼ 8 days and extending out towards long periodicities. Similarly the GLSP of the PFS WF reveals a series of broad peaks for periodicities 1 day. These features, particularly those from the PFS WF, have clear manifestations in the GLSPs of their respective RV and activity indicator time series, thereby complicating the robust identification of periodocities in the data. However, strong peaks at the orbital period of L 168-9 b (∼ 1.4 days) are discernible in both RV time series at FAP ∼ 0.4% and ∼ 0.3% with HARPS and PFS respectively. This periodicity is not apparent in any of the ancillary activity indicators time series as expected for a signal originating from an orbiting planet.
In addition to the signal from L 168-9 b, the HARPS RVs exhibit some power close to P rot and its second harmonic P rot /3. Although the FAPs of these periodicities over the full frequency domain are large, they each appear locally as strong periodicities as most of the power in the HARPS RVs exists at 5 days. The GLSP of the PFS RVs is much more difficult to interpret at periodicities in the vicinity of P rot and its first and second harmonics due to strong aliases from the PFS WF. Due to these effects it is difficult to discern from the available PFS activity indices (i.e. S-index and Hα) whether or not a coherent activity signal is seen with PFS. Although each of the HARPS and PFS RV time series are significantly affected by sampling aliases, we do see evidence for L 168-9 b and rotationally modulated stellar activity in the RVs we endeavor to mitigate with our adopted model discussed in Sect. 4.3.
Radial velocity + transit model
Guided by the periodicities in the HARPS and PFS RV time series, we proceeded to fit a model to the RVs including the effects of both stellar activity and the planet. Following numerous successful applications on both Sun-like (e.g., Haywood et al. 2014; Grunblatt et al. 2015; Faria et al. 2016; López-Morales et al. 2016; Mortier et al. 2016 ) and M dwarf stars (e.g., Astudillo-Defru et al. 2017b; Bonfils et al. 2018; Ment et al. 2019) , we adopted a QP kernel for the GP as a nonparametric model of the physical processes resulting in stellar activity. When used to model RV stellar activity, the QP covariance kernel is often interpreted as modelling the rotational component of stellar activity from active regions on the rotating stellar surface whose lifetimes typically exceed many rotation cycles on M dwarfs (Giles et al. 2017 ) plus the evolutionary time scale of the active regions. The corresponding GP hyperparameters are described in detail in Appendix A and include each spectrograph's covariance amplitudes a HARPS , a PFS , the common exponential timescale λ RV , the common coherence parameter Γ RV , and the common periodic timescale P RV equal to the stellar rotation period P rot .
The planetary component attributed to the transiting planet L 168-9 b was fitted to the de-trended light curve with a Mandel & Agol (2002) planetary transit model. The de-trended TESS light curve was produced by adjusting a QP GP systematic model to the photometry alone and with all the transits previously removed. The best QP GP model was subtracted to the entire TESS data set. The planetary component is modelled by a Keplerian solution parameterized by the planet's orbital period P b , time of mid-transit T 0 , RV semi-amplitude K, and the orbital parameters Red points correspond to binned data for illustrative purposes. The whole orbital phase is shown to the left, while the right presents the transit phase, as well as the best transit model whose parameters come from the Table 2. h = √ e cos ω and k = √ e sin ω where e and ω are the planet's orbital eccentricity and argument of periastron respectively. In addition, our RV model contains each spectrograph's zero point velocity γ HARPS , γ PFS and an additive scalar jitter s HARPS , s PFS is account for any residual jitter that, unlike the stellar activity signal, is not temporally correlated. The complete RV model therefore contains fourteen model parameters.
To ensure self-consistent planet solutions between the available TESS transit data and the RV observations, we simultaneously fitted the de-trended light curve and the RVs. The common planetary parameters between these two data sets are P b , T 0 , h, and k. The additional model parameters required to model the TESS transit light curve included an additive scalar jitter s TESS , the baseline flux γ TESS , the scaled semi-major axis a/R s , the planet-star radius ratio r p /R s , the orbital inclination i, and the nearly-uncorrelated parameters q 1 and q 2 which are related to the quadratic limb darkening coefficients u 1 and u 2 via
.
(3) (Kipping 2013 ). Thus we required eleven model parameters to describe the TESS transit light curve and a total of twenty-one model parameters of the joint RV + light curve data set: Θ = {a HARPS , a PFS , λ RV , Γ RV , P RV , s TESS , s HARPS , s PFS , γ TESS , γ HARPS , γ PFS , P b , T 0 , K, h, k, a/R s , r p /R s , i, q 1 , q 2 }. We sampled the posterior PDF of this 21-dimensional parameter space using an MCMC sampler. Details on the sampler and the adopted prior distributions on each model parameter are given in Appendix A and Table A.1. Fig. 7 . Phase folded radial velocity acquired HARPS (blue points) and PFS (red points) where the best GP model was subtracted. The black curve represents the maximum a-posteriori model adjusted to the data set.
Results
In our analysis of the light curve and radial velocity time series of L 168-9, we evaluated the model presented in Sect. 4.3 on the separate RV data sets obtained with HARPS and PFS as well as the combined time series. Subtracting the model to the 46 HARPS radial velocity points reduces the dispersion to 3.37 m/s (equivalent to χ 2 red = 3.5), while the dispersion of the 76 PFS residual points gives 4.05 m/s (translating into χ 2 red = 1.5). The dispersion obtained from the 122 HARPS+PFS residual points is 3.80 m/s (χ 2 red = 2.2).
From point estimates of the model parameters Θ from our joint RV plus transit analysis with each of these input data sets we retrieved that L 168-9 b has a radius of 1.39±0.09 R ⊕ and a mass of 4.60±0.56 M ⊕ , translating into a bulk mean density of 9.6 +2.4 −1.8 g cm −3 . The planet is orbiting at 0.02091±0.00024 AU from the parent star, therefore the hot terrestrial planet has an equilibrium temperature between 668 K and 965 K assuming a Venus-like and zero bond albedo, respectively. Results for the entire set of parameters are reported in Table 2 . Explicitly, we report the maximum a-posteriori value of each parameter along with its 16 th and 84 th percentiles, corresponding to a 1σ confidence interval. We check for consistency of our joint analysis by performing the analysis for each instrument independently. Table 2 details the results from this test. We note that HARPS and PFS results are in agreement within their uncertainties, translating into a robust detection of the planetary signal in radial velocity data. Figure 6 show the TESS photometry and adjusted transit model and Figure 7 the phase folded radial velocity with the model that best fits the data.
Discussion & Conclusions
L 168-9 b adds to the family of small (< 2R ⊕ ) transiting planets around bright (J < 8 mag) stars with mass measurements and contributes to the completion of the TESS Level One Science Requirement to detect and measure the masses of 50 small planets. In particular, L 168-9 b is one of fourteen 9 likely rocky planets without primordial hydrogen-helium envelopes -that is, with a radius < 1.8R ⊕ -for which the mass has been measured with an uncertainty smaller than 33%. Thus, our result represents progress toward the understanding of the transition between super-Earths and mini-Neptunes previously reported in the radii of planets (e.g. Fulton et al. 2017; Cloutier & Menou 2019) but, here, including the information on mass. Figure 8 shows the mass -radius diagram centered in the sub-Earth to mini-Neptune regime. With about twice the Earth average density, L 168-9 b bulk density is compatible with a terrestrial planet with an iron core (50%) surrounded by a mantle of silicates (50%). In this diagram the detected planet is located in an interesting place: for masses lower than that of L 168-9 b the great majority of planets are consistent with a 50% Fe-50% MgSiO3 or 100% MgSiO3 bulk composition, while for higher planetary masses there is a great diversity of density. Being one of the densest planets for masses greater than 4M ⊕ , L 168-9 b can help to define the mass limits of the rocky planets population.
Good targets for atmospheric characterization with transmission/emission spectroscopy are those transiting nearby, bright stars (J < 8 mag). There are currently 11 small planets detected transiting a bright star, according to the NASA Exoplanet Archive 10 , two of them orbit M dwarfs. Overall, there would not be a large number of small, transiting planets around nearby, are single stars (Winters et al. 2015 (Winters et al. , 2019a . Considering the occurrence rate of small planets with orbital period smaller than 10 days from Dressing & Charbonneau (2015) and combining with the transit probability of such planets (about a couple % to ∼20%), there would be a few to up to about twenty such planets.
The measured properties of L 168-9 b and its host star make it a promising target for the atmospheric characterization of a terrestrial planet via either transmission or emission spectroscopy measurements with JWST (Morley et al. 2017; Kempton et al. 2018 ) and/or thermal phase curve analysis to infer the absence of a thick atmosphere (e.g., Seager & Deming 2009 ). Its transmission and emission spectroscopy metrics from Kempton et al. (2018) are reported in Table 3 and compared to other confirmed transiting terrestrial planets with known masses that are of interest for atmospheric characterization. Based on this assessment, L 168-9 b is an excellent candidate for emission spectroscopy or for detecting the planetary day-side phase curve as recently done for the similar planet, LHS 3844 b (Kreidberg et al. 2019) . Program through the NASA Advanced Supercomputing (NAS) Division at Ames Research Center for the production of the SPOC data products. This paper includes data collected by the TESS mission, which are publicly available from the Mikulski Archive for Space Telescopes (MAST). This research has made use of the NASA Exoplanet Archive, which is operated by the California Institute of Technology, under contract with the National Aeronautics and Space Administration under the Exoplanet Exploration Program.
